This paper aims to provide the elemental composition of particles found in natural gas. Particle sampling is performed on cellulose filters obtained from an industrial gas storage facility, and the qualitative particle composition is determined by scanning electron microscopy and energy dispersive X-ray spectroscopy. Our results establish that natural gas may contain solid particles, with sizes ranging from less than 1 µm to more than 50 µm. The observed particles are composed of numerous elements, such as aluminum (Al), silica (Si), sulphur (S), chloride (Cl), chromium (Cr), zinc (Zn), sodium (Na), manganese (Mg), calcium (Ca), iron (Fe), titanium (Ti), nickel (Ni), vanadium (V), potassium (K), copper (Cu), manganese (Mn), silver (Ag), cobalt (Co), iodine (I), and barium (Ba), with relative occurrences ranging from 1 to 85%. Moreover, metallic elements enable the formation of larger particles as a result of the agglomeration of smaller particles.
Introduction
To ensure a good energy supply, natural gas must satisfy quality specifications to be transported and commercialized and must meet standards in terms of calorific power and chemical composition, with methane, dioxygen, water and sulfur compounds, etc. as the main components [1] [2] [3] [4] [5] . These specifications ensure high quality gas for combustion but are also essential to prevent damage to facilities and protect consumer health. However, studies have revealed the presence of arsenic compounds, mercury and other metals/metalloids in natural gas from different origins at very low concentrations ranging from 10 −1 to 10 3 µg/m 3 [6] [7] [8] [9] [10] [11] . These elements have well-known risks and potentially can cause industrial damage, such as through corrosion or catalytic poisoning.
Although most of the components are in the gaseous phase (methane and undesirable compounds such as carbon dioxide, dioxygen, water and sulfur compounds), some solid particles can be detected in natural gas. To analyze the particulate phase, the most common sampling technique is filtration. Filters can be made of different materials, such as glass fiber, stainless steel, and cellulose, and they are chosen according to the targeted elements and the subsequent analysis techniques to be performed. This particulate phase is commonly called "black powder" and refers to small particles transported in gas pipelines [12, 13] . The origin of these particles can vary from transmission processes to corrosion 2 of 8 phenomena in pipes [12] . The particulate phase in gases often results in damage to industrial installations, such as deposit formation on devices or engines, collapse of filtering elements, and erosion of valves and pipes [12, 14] . Thus, determination of the concentration and chemical composition of these particles in gas is significant and necessary. Xiong et al., [14] developed a new sampling method to determine the particle concentration and size distributions in high-pressure gas flows; they reported these data but did not report information about the chemical composition of the particles. Azadi et al., [12] focused on the evolution of particle sizes and concentrations in the network according to the seasons, showing that smaller particles were observed more frequently in winter than in summer. Pack et al., [13] studied the identification of favorable conditions for elemental sulfur-based deposits in natural gas pipelines. Unfortunately, such studies are scarce and, to our knowledge, no works have focused on quantification and chemical characterization.
The objective of this study is to better understand the physical and chemical interactions between gas and storage facilities, including the aquifer reservoir itself and the distribution network, with a focus on particle fate.
Herein, we report a qualitative and semi-quantitative study of the entire particulate phase collected from natural gas and the elemental determination of the chemical composition of the particles.
Materials and Methods

Collection of Samples for Analyses
The filters collected were from a unique underground aquifer storage site. This storage aquifer receives gas from different geographic origins, and the gases are mixed in storage and transportation/distribution pipes, leading to a single gas mixture.
Two types of filters were applied in series in the sampling tubing connected to the natural gas transportation pipelines. This study focused on cellulose membranes (Genie, 0.45 µm porosity and 34 mm diameter), as presented in the Supplementary Materials Figure S1 . Five cellulose membranes were sampled and analyzed. A new cellulose membrane also was analyzed under the same conditions and used as a blank to determine the origin of the particles (natural gas or filter-related/contamination).
Analytical Device and Parameters
Cellulose membranes were analyzed by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/X-EDS) (FEI Quanta 200). The SEM/X-EDS instrument was equipped with a secondary electron detector (SED) to perform surface analysis of the shape and size of the particles; a backscattered electron detector (BSED) allowed atomic differentiation in terms of atomic weight (Z), while X-EDS provided the elementary composition of the particles. Combining the data obtained by the use of these three detectors yielded information about the texture, size distribution, shape and chemical composition of the particles trapped in the filters.
Analysis Procedure
The membranes were cut into quarters to fit the "chamber" size, and several areas were selected and observed from the center to the periphery. No additional specific treatment or preparation was necessary.
The filter quarters were analyzed using an SED and a BSED at different magnitudes ranging from ×40 to ×20,000. The first magnitude permits the selection of a zone, and the subsequent magnitudes permit the detection of particles according to their size and elemental composition. When particles of interest were targeted by a specific magnitude, X-EDS analysis was performed to determine their elemental composition. An example of the micrography procedure is presented in Figure 1 . Targeted areas or particles are annotated on the images to facilitate understanding. BSE micrography differentiates between low Z and high Z values. Thus, low-Z particles appear dark, while high-Z particles are brilliant or white. Analytical procedure used to obtain images of particles at different magnitudes: (a) ×44 for the location of the studied areas labeled "part 1" and "part 2"; (b) ×400 for the count of particles according to their size (BSE mode) and; (c) ×20,000 for the location of particles (zone D on figure b) analyzed by the EDX detector (BSE micrography).
The membranes were contaminated rapidly by carbon deposition from the electron beam (due to the molecules present in the microscope column) when the beam was focused on the region of interest (ROI) and by the effect of the electron beam on particles sensitive to electron and temperature gradients (oxides, negatively charged particles, hydrated and halogenated particles, etc.). Following a period of analysis (minutes), the exposed ROI was no longer available for any kind of analysis, and a compromise had to be made in the determination of SEM parameters between better detection of particles or their chemical composition analysis and contamination. Regarding SED analysis, the spot was fixed at approximately 3.7 μm, and the intensity was approximately 8 keV on a scale of up to 40 keV. Concerning BSED analysis, the spot and intensity were fixed at approximately 5 μm and 15 keV, respectively.
Excited electrons are converted to a number of counts, which is proportional to the concentration of the element. Without a standard to determine the precise k-factor of each element in a solid matrix, and due to the variable thickness of the particles analyzed, only semiquantitative X-EDS analysis was available. To take this limit into consideration, intercomparative analysis was performed. Subsequent to data treatment, all detected chemical elements could be identified and, according to the signal intensity, the relative proportion of the elements in the particle/studied area could be determined. The membranes were contaminated rapidly by carbon deposition from the electron beam (due to the molecules present in the microscope column) when the beam was focused on the region of interest (ROI) and by the effect of the electron beam on particles sensitive to electron and temperature gradients (oxides, negatively charged particles, hydrated and halogenated particles, etc.). Following a period of analysis (minutes), the exposed ROI was no longer available for any kind of analysis, and a compromise had to be made in the determination of SEM parameters between better detection of particles or their chemical composition analysis and contamination. Regarding SED analysis, the spot was fixed at approximately 3.7 µm, and the intensity was approximately 8 keV on a scale of up to 40 keV. Concerning BSED analysis, the spot and intensity were fixed at approximately 5 µm and 15 keV, respectively.
Results and Discussion
Excited electrons are converted to a number of counts, which is proportional to the concentration of the element. Without a standard to determine the precise k-factor of each element in a solid matrix, and due to the variable thickness of the particles analyzed, only semiquantitative X-EDS analysis was available. To take this limit into consideration, intercomparative analysis was performed. Subsequent to data treatment, all detected chemical elements could be identified and, according to the signal intensity, the relative proportion of the elements in the particle/studied area could be determined. 
Particle Size on Cellulose Filters
Particle size distributions were obtained through image analysis at different microscope magnifications. The results for the cellulose membrane are summarized in Figure 2 , with particles classified according to their size. Box plots were generated from the average number of particles obtained from five different filters, calculated according the quantities observed in each zone investigated. The analysis of the blank cellulose membrane revealed no particles. Thus, it can be concluded that all solid particles observed and quantified on the membranes were from natural gas filtration.
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Particle size distributions were obtained through image analysis at different microscope magnifications. The results for the cellulose membrane are summarized in Figure 2 , with particles classified according to their size. Box plots were generated from the average number of particles obtained from five different filters, calculated according the quantities observed in each zone investigated. The analysis of the blank cellulose membrane revealed no particles. Thus, it can be concluded that all solid particles observed and quantified on the membranes were from natural gas filtration. The smallest particles (≤1 μm) are the most abundant on the membranes, with an amount ranging between 10 5 and 10 9 per filter, which corresponds to 10 8 to 10 12 particles/m 2 . To contrast, larger particles (≥25 μm), which have very low abundance on the filters, are not always detected within an area, and their amounts never exceed 10 4 per filter (10 7 particles/m 2 ). The presence of these particles could be attributed to (i) the creation and appearance of "large particles" in the pipeline due to corrosion or abrasion and (ii) the formation of larger particles from smaller particles resulting from reorganization or aggregate formation.
Chemical Composition of Particles
The presence of solid particles on the cellulose membranes confirms the occurrence of these particles in natural gas. The element detection frequency is presented in Figure 3 . Each percentage represents the number of elements detected for all particles analyzed in this work.
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Particle diameter (µm) d>50 25<d<50 7<d<25 1<d<7 The smallest particles (≤1 µm) are the most abundant on the membranes, with an amount ranging between 10 5 and 10 9 per filter, which corresponds to 10 8 to 10 12 particles/m 2 . To contrast, larger particles (≥25 µm), which have very low abundance on the filters, are not always detected within an area, and their amounts never exceed 10 4 per filter (10 7 particles/m 2 ). The presence of these particles could be attributed to (i) the creation and appearance of "large particles" in the pipeline due to corrosion or abrasion and (ii) the formation of larger particles from smaller particles resulting from reorganization or aggregate formation.
Chemical Composition of Particles
Aluminum was found in 85% of particles, in contrast to vanadium, cobalt and barium, which were found in only approximately 1% of the particles. Silicon and sulfur also were detected frequently, which could be a result of sand or solid sulfur compounds encountered in natural gas, as reported by Pack et al., [13] Although it is not possible to correlate these results to the gas origin, some metals, such as aluminum, chromium, iron and titanium, are present in the alloys used in transport pipelines. Therefore, the pipes as the origin of the particles cannot be excluded, especially since the observed metals are part of the chemical composition of the pipes and, therefore, can reflect the occurrence of corrosion or abrasion, which is favorable for the presence of solid residues. Aluminum was found in 85% of particles, in contrast to vanadium, cobalt and barium, which were found in only approximately 1% of the particles. Silicon and sulfur also were detected frequently, which could be a result of sand or solid sulfur compounds encountered in natural gas, as reported by Pack et al., [13] Although it is not possible to correlate these results to the gas origin, some metals, such as aluminum, chromium, iron and titanium, are present in the alloys used in transport pipelines. Therefore, the pipes as the origin of the particles cannot be excluded, especially since the observed metals are part of the chemical composition of the pipes and, therefore, can reflect the occurrence of corrosion or abrasion, which is favorable for the presence of solid residues.
The element distribution for one particle also was determined by an X-EDS detector. Figure 3 shows the occurrence of each chemical element in a set of particles, but not its distribution inside the particle. Two examples of particle composition are presented in Table 1 . Some particles in natural gas are predominantly metallic, whereas some particles mainly are composed of major elements, such as sodium or chlorine (values in red in Table 1 ). Results for Particle 1 in Table 1 reveals the possibility of finding NaCl in natural gas or sand, based on the detection of silicon. These compounds have been identified in previous studies and are referred to as "black powder" [12] . The element distribution for one particle also was determined by an X-EDS detector. Figure 3 shows the occurrence of each chemical element in a set of particles, but not its distribution inside the particle. Two examples of particle composition are presented in Table 1 . Some particles in natural gas are predominantly metallic, whereas some particles mainly are composed of major elements, such as sodium or chlorine (values in red in Table 1 ). Results for Particle 1 in Table 1 reveals the possibility of finding NaCl in natural gas or sand, based on the detection of silicon. These compounds have been identified in previous studies and are referred to as "black powder" [12] .
Study of Particles with Diameters >7 µm on the Cellulose Membranes
The cellulose membranes revealed a large range of particle sizes, from less than 1 µm to more than 25 µm, although a 7 µm porosity filter was placed upstream of the cellulose membranes in the pipe. Chemical analyses help to explain the presence of particles larger than 7 µm. Most of the larger particles were surrounded by smaller particles, as shown in Figure 4 . Moreover, these smaller particles had the same chemical composition as presented in Table 2 . The cellulose membranes revealed a large range of particle sizes, from less than 1 μm to more than 25 μm, although a 7 μm porosity filter was placed upstream of the cellulose membranes in the pipe. Chemical analyses help to explain the presence of particles larger than 7 μm. Most of the larger particles were surrounded by smaller particles, as shown in Figure 4 . Moreover, these smaller particles had the same chemical composition as presented in Table 2 . Figure 4b (yellow oval) shows small particles with a diameter less than 1 μm surrounding a larger particle (Figure 4a ).
According to Table 2 , the chemical composition of the main particle is similar to that of the small particles, where silver, copper and sulfur are predominant. It can be concluded that small particles could agglomerate to create a larger solid compound. This hypothesis could be verified by observing the particle in Figure 5 that clearly shows the aggregation of different small particles to form a larger main particle. Moreover, the heterogeneity indicates an overlapping of several particles to create a large compound. It is also interesting to note the similarity between the components in Figure 5 (circled in red) and those constituting the main particle in Figure 4 Figure 4b (yellow oval) shows small particles with a diameter less than 1 µm surrounding a larger particle (Figure 4a ).
According to Table 2 , the chemical composition of the main particle is similar to that of the small particles, where silver, copper and sulfur are predominant. It can be concluded that small particles could agglomerate to create a larger solid compound. This hypothesis could be verified by observing the particle in Figure 5 that clearly shows the aggregation of different small particles to form a larger main particle. Moreover, the heterogeneity indicates an overlapping of several particles to create a large compound. It is also interesting to note the similarity between the components in Figure 5 (circled in red) and those constituting the main particle in Figure 4 .
Chemical composition analysis of the particle shown in Figure 5 was performed to complete this observation. Different areas of the particle were analyzed, distinguishable by their chemical contrasts (Spot 1 and Spot 2 in Figure 5b ) and their shape. Small neighboring particles (Spot 3 in Figure 5b ) also were analyzed by X-EDS to identify a common elemental composition with the larger particles. The results are presented in Table 3 . Chemical composition analysis of the particle shown in Figure 5 was performed to complete this observation. Different areas of the particle were analyzed, distinguishable by their chemical contrasts (Spot 1 and Spot 2 in Figure 5b ) and their shape. Small neighboring particles (Spot 3 in Figure 5b ) also were analyzed by X-EDS to identify a common elemental composition with the larger particles. The results are presented in Table 3 . Table 3 . Chemical compositions of Spots 1 and 2 from the main particle and Spot 3 of a small particle ( Figure 5 ). A difference in elemental composition was observed between Spots 1 and 2 of the main particle in Figure 5b and Table 3 . Spot 2 reveals the presence of magnesium, aluminum, silicon, calcium, copper and silver. Connecting these results to the chemical composition, shape and relief of the main particle, it can be concluded that the identified elements have different origins. According to the analysis, the small neighboring particle (Spot 3 in Figure 5 and Table 3 ) is mainly composed of sulfur, silver and copper. This result corroborates the hypothesis that large particles result from the aggregation of many smaller particles.
Element
Conclusions
Cellulose filter analysis shows that natural gas contains particles of different sizes and forms. Sizes less than 1 μm to more than 50 μm are observed. Table 3 . Chemical compositions of Spots 1 and 2 from the main particle and Spot 3 of a small particle ( Figure 5 ). A difference in elemental composition was observed between Spots 1 and 2 of the main particle in Figure 5b and Table 3 . Spot 2 reveals the presence of magnesium, aluminum, silicon, calcium, copper and silver. Connecting these results to the chemical composition, shape and relief of the main particle, it can be concluded that the identified elements have different origins. According to the analysis, the small neighboring particle (Spot 3 in Figure 5 and Table 3 ) is mainly composed of sulfur, silver and copper. This result corroborates the hypothesis that large particles result from the aggregation of many smaller particles.
Element
Conclusions
Cellulose filter analysis shows that natural gas contains particles of different sizes and forms. Sizes less than 1 µm to more than 50 µm are observed.
EDX analyses reveal different chemical compositions, including metals. The observed particles are composed of numerous elements, determined in the following sequences from the least frequently to the most frequently detected: Co, Ba, V < I, Zn < Ni < Ti < K < Cl, Ag, Mg, Na < Cr, Fe < Ca < S < Si < Al, with relative occurrences ranging from 1 to 85%. This chemical heterogeneity highlights different particle origins and establishes that the largest particles are the result of small particle aggregation. This observation demonstrates the importance of monitoring the particulate phase in natural gas to anticipate potential damage. Combined knowledge about the amount and composition of particles in gases could explain some currently observed phenomena and provide solutions to improve infrastructure integrity.
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